Background The biologic reactions to byproducts of wear or corrosion can involve innate and adaptive processes and are dependent on many factors, including the composition, size, surface properties, shape, and concentration of debris. Questions/purposes We used a systematic literature review to compare the reported patterns of inflammation in tissues around total hip implants with the goal of identifying whether there are unique or characteristic patterns associated with the newer bearing options or modular components. Methods A search of the Ovid Medline database between 1996 and early December 2013 identified articles that compared the histology around six implant groups: (1) metal-on-metal; (2) ceramic-on-ceramic; (3) metalon-crosslinked polyethylene; (4) metal-on-conventional polyethylene with or (5) without modularity; and (6) tissue obtained at primary arthroplasty. Our initial search yielded 865 citations. After excluding articles that lacked a quantitative or semiquantitative description of histologic findings in periprosthetic tissue, we reviewed 34 articles. Results No pattern of inflammation is specific for any given bearing combination. Histologic features suggestive of an adaptive immune response appear to be more frequent and of greater magnitude in failed metal-on-metal implants, but tissues around many failed metal-on-metal implants show features of an ''innate'' foreign body reaction without lymphocytes. Occasional nonmetal-on-metal implants show features of an immune reaction, possibly associated with metal particles. Modular connections are one source of metal debris in nonmetal-on-metal implants. Features of an immune reaction appear rare in ceramicon-ceramic implants that lack corrosion. Insufficient reports are available to characterize the biologic response to crosslinked polyethylene.
Introduction
The histologic appearance of tissues around failed total joint prostheses reflects the biologic reactions of the host to those devices and can often provide clues concerning the mechanisms of failure. Wear is an inevitable consequence of any joint arthroplasty, and for many years, particles of ultrahigh-molecular-weight polyethylene (UHMWPE) have been the most important type of debris particle around failed hips and knees. The inflammatory reaction to particles of UHMWPE is usually that of an ''innate,'' foreign body, granulomatous reaction characterized primarily by macrophages and foreign body-type giant cells [28] . Tissue around some failed metal-on-polyethylene implants, however, contains lymphocytes and/or plasma cells as well as a macrophage reaction to debris. The biological importance of this chronic inflammation has been unclear, but occasional reports have suggested the possibility of an adaptive immune reaction related to wear of the articular surfaces [16] or corrosion of modular connections [39] .
New bearing surfaces and designs have been introduced, in part in the hope of reducing wear. However, the composition, size, surface properties, shape, and concentration of wear debris particles vary among these new designs, and the innate and adaptive processes that take place as part of the reaction to those wear particles likewise differ from one another and from conventional metal-on-UHMWPE bearings. A systematic synthesis of the large and diverse body of knowledge on this topic would be important.
The purpose of this review is to address the following question: ''How have new bearing surfaces altered the biological reactions to byproducts of wear and modularity?'' More specifically, we sought to address the following questions: (1) Are there patterns of inflammation around failed metal-on-metal hips that are unique when compared with ceramic-on-ceramic, metal-on-crosslinked polyethylene, or metal-on-''conventional'' polyethylene? (2) Do all failed metal-on-metal hips show histologic features suggestive of an immune reaction? (3) Are some types of debris more or less likely to be associated with histologic features suggestive of an immune reaction? (4) Are there sources of metal debris in nonmetal-on-metal implants that might be implicated in an immune reaction? (5) Are there types of debris that induce acute inflammation (neutrophils), thereby resembling the histologic appearance of a periprosthetic infection?
Materials and Methods
We performed a systematic review of the Ovid Medline database between 1996 (the approximate date that crosslinked polyethylene [PE] became available) and early December 2013 to identify six comparative groups: (1) metal-on-metal; (2) ceramic-on-ceramic; (3) metalon-crosslinked PE; (4) metal-on-PE without modularity; (5) metal-on-PE with modularity; and (6) tissue obtained at primary arthroplasty (Table 1) . We attempted to formulate our literature review in a way that would allow us to directly compare the histologic findings that have been described in tissue samples among each of the six groups. We especially focused on the morphologic variables that reflect local biologic reactions as well as the variables related to the materials and designs of associated articular surfaces (Table 2 ). Our hope was that the literature review 
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would help define which patterns of biologic reaction might independently correlate with material or design issues to help point toward cause and effect. Our initial search yielded 865 results. Based on manual review of the abstracts, we excluded reviews and clinical or imaging studies in which periarticular tissue samples were not described (n = 672) (Fig. 1) . We also excluded in vitro incubation studies (n = 61) as well as those that only evaluated explanted devices without tissue (n = 70). We initially excluded studies that did not directly compare samples from multiple groups in a quantitative or semiquantitative way but that yielded so few articles that we ultimately retained studies that used some kind of quantification or semiquantitative grading scale for individual morphologic findings that reflect the biologic response, even if there was no control or comparison group, but we excluded articles for which there was no quantitative or semiquantitative description of the biologic reaction that would facilitate comparisons among groups (n = 97). Review of the publications identified by this search yielded several additional relevant publications that were also included in the final review. A total of 34 publications fit our inclusion criteria (Appendix 1). [7, 8, 14] , and others [19, 26, 27, 29, 34, 40] have illustrated histologic features suggestive of an immune reaction in tissues around some failed metal-on-metal hip implants (see subsequently). These features are characteristic, but a failed metal-on-PE implant may demonstrate similar histologic findings [17, 41] . The recognition of modular connections as potential sources of metal particles, ions, and corrosion products raises the possibility that the histologic features suggestive of an immune reaction in failed nonmetal-on-metal implants could still be related to modular interfaces between metal components. Indeed, the study by Fujishiro and coauthors [17] found that increased extent of diffuse and perivascular chronic inflammation in failed nonmetal-on-metal implants correlated with visible debris particles that were morphologically suggestive of metal. The histologic features thought to reflect an adaptive immune reaction include a laminated appearance to the periprosthetic tissue, disruption of the surface of that membrane, diffuse and perivascular chronic inflammation (lymphocytes), plasma cells, and sometimes eosinophils. Lymphoid aggregates, sometimes containing germinal centers, may also be present and implicate a B-lymphocyte response. The extent to which these individual features are present, however, varies considerably among implant groups and among different samples from the same patient. Indeed, some cases of failed metal-on-metal arthroplasty do not show any features suggestive of an adaptive immune response and instead show the macrophage and giant cell reaction more consistent with an ''innate'' foreign body reaction essentially identical to that seen in most cases of failed metal-on-PE arthroplasty [26] . Recognizing that tissues around failed metal-on-metal implants show a range of findings, some authors have attempted to develop grading or scoring systems intended to provide an index that might reflect the continuum from an innate, macrophage reaction to an adaptive immune response [7, 15, 19, 33] . Studies attempting to relate the extent of the histological reaction with the amount of wear of metal-on-metal implants have generally reported a low degree of correlation [19, 24] .
Results

Are the Patterns of Inflammation
Are Some Types of Debris More or Less Likely to Be Associated With Histologic Features Suggestive of an Immune Reaction?
The histologic features most closely associated with an adaptive immune response include diffuse and perivascular chronic inflammation characterized primarily by lymphocytes with variable numbers of plasma cells and sometimes eosinophils. The diffusely distributed chronic inflammation is often composed mainly of T-lymphocytes, whereas lymphoid aggregates are commonly combinations of B-and T-cells with occasional plasma cells [25, 29, 33] . These findings appear to be more common in either failed metal-on-metal hips [2, 10, 43] or in cases of failed nonmetal-on-metal hips in which metal particles can be identified [17] . Histologic features suggestive of an immune reaction appear to be very uncommon in cases of failed ceramic-on-ceramic implants unless there is coexisting evidence of wear and/or corrosion at a modular interface. Too few reports of failed metal-on-crosslinked PE or monoblock (nonmodular) metal-on-PE implants are available to confidently characterize patterns of inflammation.
Are There Sources of Metal Debris in Nonmetal-onmetal Implants That Might Be Implicated in an Immune Reaction?
As noted, wear and/or corrosion at modular interfaces can be sources of metal particles, ions, and corrosion products. Metal debris can also arise from the various fixation surfaces of metal implants. Although few studies have quantified evidence of tribocorrosion with different patterns of inflammation in surrounding tissues, Huber et al. [22] noted lymphocytic inflammation in association with chromium-containing solid corrosion products from modular tapers. Evidence is accumulating to suggest that modular interfaces are a likely source of metal that may be associated with an adaptive immune response regardless of the composition of the bearing surfaces.
Do the Products of Wear and Modularity of New
Bearing Surfaces Induce Acute Inflammation (Neutrophils), Thereby Resembling the Histologic Appearance of a Periprosthetic Infection?
One study reported significantly more neutrophils in tissues around failed Mittelmeier alumina ceramic-on-ceramic implants than in failed metal-on-PE implants [20] and a relatively high concentration of neutrophils (''at least 10 per 10 high-power fields'') without other features of infection was reported in one of two cases of failed ceramic-on-ceramic implants in which impingement was associated with both ceramic and titanium debris [32] . However, neutrophils were not reported in several other studies of tissue around failed ceramic-on-ceramic implants [4, 15, 36, 44, 46] , and in one other study, neutrophils were only associated with other features of infection [38] . Several reports have described the clinical difficulty distinguishing infection from other causes of failure of metal-on-metal implants [1, 18] , and occasional metal-on-metal cases with slightly increased neutrophils but without other features of infection have been noted [37] , but most cases of failed metal-on-metal implants lack significant neutrophils.
Discussion
All total hip bearing combinations will wear in vivo, but the biologic reactions to the products of wear of hard-hard bearings may be different from those associated with conventional metal-on-PE bearings and would be difficult to test in preclinical animal models. Small series of failed metal-on-metal hip implants have provided morphologic evidence suggestive of an immune reaction in a subset of patients, but few individual studies have attempted to compare the spectrum of morphologic findings associated with bearing surfaces of different types. The purpose of this review has been to address the following question: ''How has the introduction of new bearing surfaces altered the biological reaction to byproducts of wear and modularity?'' We attempted to identify publications that have used quantitative or semiquantitative methods to document morphologic features that reflect the biological reactions of periimplant tissues to byproducts of wear and modularity of new bearing surfaces and to compare those features with tissues around conventional metal-on-polyethylene or ceramic-on-polyethylene implants.
There are a number of limitations to this study. First, by confining our review to studies that included quantitative or semiquantitative grading of the histologic findings, we excluded many publications that have used only qualitative descriptions of periarticular findings [5, 12, 29, 35, 42, 44, 46] or that have focused on particle quantitation [13, 30, 45] , cytokine detection [9, 21] , or lymphocyte subsets [29] . Among the studies that have graded morphologic features of periprosthetic tissues, many have not included conventional metal-on-PE or ceramic-on-polyethylene cases as controls, and differences in grading criteria among studies preclude pooling the data into larger groups. The sources of the particles are also not clearly defined in most reports, in part because the articular surfaces and modular connections have not been simultaneously evaluated. Also complicating the interpretation of periprosthetic chronic inflammation is the recognition that subtle inflammation can occur in periprosthetic infections, especially those associated with low-virulent organisms. We found that for any given bearing combination, a wide range of periarticular histologic findings has been reported. In a small minority of failed metal-on-PE cases, and in a larger proportion of failed metal-on-metal cases, periimplant tissues show a laminated membrane with prominent diffuse and perivascular lymphocytes along with variable numbers of plasma cells and occasionally eosinophils. Some of the articles have identified subsets of lymphocytes associated with the inflammation (Table 1) . Among those studies, Mital and coworkers [29] described morphological and lymphocyte phenotype proportions supporting the development of tertiary lymphoid organs with mixed B-and T-lymphocytes in 29% of 62 cases of failed metalon-metal hip implants. Although no nonmetal-on-metal controls were evaluated, the lymphoid aggregates and B-lymphocytes shown in this study further support an adaptive immune response in these patients. However, additional studies are needed, especially with respect to the features of byproducts of wear and modularity and the host factors that influence the extent to which a given patient develops an innate versus an adaptive immune reaction. Such studies might include the identification of the antigens or haptens possibly associated with various wear or corrosion products; the pathways by which the observed responses are stimulated; the roles and interactions of macrophages, T-cells, B-cells, and plasma cells; and the mechanisms involved in soft tissue destruction leading to massive tissue necrosis. The results of such studies may clarify the nature of the immune response, which, to date, is largely based on histology.
Necrosis (or necrobiosis) has been reported around metal-on-metal hips but is also relatively common in patients with failed metal-on-PE implants [41] . That necrosis is not necessarily associated with morphologic evidence of vascular damage, and several investigators have speculated that it may represent a direct toxic effect of metals or ions rather than ischemia [25, 33] . Studies directed toward quantifying the amount and type of necrosis in periprosthetic tissues would be useful to clarify the etiology. Some patients with failed metal-on-metal implants as well as occasional patients with failed metalon-PE or ceramic-on-ceramic implants have developed soft tissue masses (pseudotumors). The histologic findings of pseudotumors have also been variable. In some cases, the findings show primarily metal debris in macrophages; others have lymphocyte-dominated inflammation with or without necrosis.
Relatively few studies have described in a semiquantitative way the histologic features around failed contemporary ceramic-on-ceramic devices. The available literature suggests that in cases of ceramic wear, the debris can be associated with macrophages in a pattern similar to that seen in most failed metal-on-PE devices, but most cases of aseptically loose ceramic-on-ceramic implants have demonstrated relatively low concentrations of visible ceramic particles and little if any evidence of an immune reaction [6, 23] .
We were able to identify only a single publication that attempted to compare the concentration and physical attributes of particles derived from highly crosslinked PE acetabular components compared with those of conventional polyethylene [3] . Although the authors reported a higher concentration of particles in tissues around the conventional implants compared with the highly crosslinked components, the conventional hips had been in situ for an average of 13.3 years, whereas the highly crosslinked hips had been in place an average of only 3.3 years. Polyethylene particles are difficult to isolate and quantify from tissue, but further studies with longer followup are needed to characterize the histologic response to particles and the various different formulations of crosslinked PE.
Do All Failed Metal-on-metal Hips Show Histology Consistent With Immune Reaction?
In most patients with failed metal-on-conventional PE, and in many patients with failed metal-on-metal implants, the tissues show primarily a macrophage and giant cell reaction to particles of debris with relatively few lymphocytes. Recognizing that the process of activating macrophages is complex and may involve a relatively small number of lymphocytes, these morphologic features are generally thought to reflect an ''innate'' inflammatory reaction. Therefore, only a subset of failed metal-on-metal hips show morphologic features suggestive of an immune reaction.
Are Some Types of Debris More Associated With Histology Suggestive of an Immune Reaction?
Early reports of failed metal-on-metal hip implants implicated metal particles and/or ions in the apparent immune reaction, especially ions or particles from the cobalt-chromium-based alloys commonly used in metal-on-metal articulations. Our literature review was not designed to identify articles that may have evaluated the reactions to titanium or titanium-alloy particles. Our literature review suggests that immune reactions are more commonly associated with metal-on-metal hips than other articular combinations, but one report [17] found that even in failed metal-on-PE implants, the increasing extent of chronic inflammation correlated with visible metal particles, again implicating a form of metallic wear or corrosion product as a potential antigen even in nonmetal-on-metal hips.
Are Some Kinds of Nonmetal-on-metal Debris Implicated in Immune Reactions?
Particles and ions can be generated from modular connections, including between a modular head and matching taper as well as at the junction of other modular pieces in an implant. The tribology of mechanically assisted crevice corrosion, or fretting corrosion, and the mechanical disruption of a passivated metal surface are beyond the scope of this study, but it seems likely that modular connections can be a source of wear and corrosion products that may be associated with an inflammatory reaction in some patients [22] .
Do Some Kinds of Debris Induce Acute Inflammation Similar to Periprosthetic Infection?
Distinguishing periprosthetic infection from aseptic loosening can be difficult and often requires a combination of clinical observations and analytical tests. The presence or absence of acute inflammation in periprosthetic tissues is widely regarded as suggestive of infection. Although cutoff thresholds for morphologically suggesting infection have varied, a Practice Guidelines Committee of the American Academy of Orthopaedic Surgeons recently found adequate published data to support thresholds of either (1) five neutrophils in each of five high-power fields; or (2) five neutrophils in each of 10 highpower fields [11] . Another recent publication suggested that finding 23 neutrophils in a total of 10 high-power fields is strongly suggestive of infection [31] . Although several studies identified in this review reported neutrophils in apparently uninfected cases of failed ceramic-on-ceramic implants, most studies of periprosthetic tissue around failed ceramicon-ceramic implants have not identified neutrophils. This observation requires further studies, but based on the available evidence, we do not recommend deviating from the morphologic criteria of infection as recommended by the American Academy of Orthopaedic Surgeons Practice Guidelines Committee [11] when reviewing periprosthetic tissue samples from different bearing couples. This review has illustrated the variability of histologic findings in tissues adjacent to failed implants with several different types of bearing surfaces. Additional studies are needed to help correlate those findings with soft tissue masses (pseudotumors) and areas of bone resorption (osteolysis), evidence of wear from the articular surfaces and modular connections of the corresponding implants, local and systemic metal levels, evidence of potential systemic inflammatory responses (eg, elevated ESR and CRP levels) or coexisting proinflammatory conditions (eg, an underlying inflammatory arthropathy or periprosthetic infection), and immunological characterization of the lymphocytes and plasma cells. The wider use of a histological grading or scoring system to reflect the variable patterns of periimplant inflammation would be helpful when comparing findings from different groups of investigators. Studies of host factors that might influence biologic reactivity are also needed.
Appendix 1 Summary of articles included in the review
Reference
Bearing combination Comparative groups Brief summary Lymphocyte type
Aroukatos et al. [2] Metal-on-metal (n = 20)
Ceramic-on-polyethylene (n = 13) and primary arthroplasty (n = 7)
Metal-on-metal cases had more necrosis and more diffuse and perivascular lymphocytic infiltration than other groups
T-cells and CD8+ B-cells
Baxter et al. [3] Metal-on-crosslinked polyethylene (n = 9)
Metal-on-polyethylene (n = 9)
Differences in particles and macrophages were noted, but metal-on-crosslinked polyethylene had only been in situ for 3.3 years, whereas the metal-on-polyethylene group had been in situ 13.3 years
Unspecified
Bos and Willmann [6] Ceramic-on-ceramic (n = 24)
Ceramic-on-polyethylene (n = 7) and metal-onpolyethylene (n = 17)
Ceramic-on-ceramic cases had thinner synovial layer, less necrosis, and fewer infiltrates of macrophages than either PE group Unspecified Campbell et al. [8] Metal-on-metal (n = 4) None Periprosthetic tissue samples from four patients with groin pain after receiving metal-on-metal hip resurfacing all showed extensive infiltrates of lymphocytes suggestive of an immunologic reaction Unspecified Campbell et al. [7] Metal-on-metal (n = 32) None Hips failed for suspected metal sensitivity had higher aseptic lymphocyte-dominated vasculitis associated lesion scores than hips thought to have failed as a result of wear Lerouge et al. [23] Ceramic-on-ceramic (n = 12)
Metal-on-polyethylene (n = 18)
Cellular reaction in metal-onpolyethylene hips appeared related to polyethylene, whereas in the ceramic-on-ceramic group, it was associated with bone cement and contrast media; neutrophils were not reported in either group
No mention of lymphocytic infiltrates; typical macrophage and giant cell reactions to both metal and PE debris Metal-on-polyethylene hips (n = 166), ceramic-onpolyethylene hips (n = 8), metal-onpolyethylene knees (n = 242) Perivascular lymphocytes were common in both failed metalon-polyethylene knees (40%) and metal-on-polyethylene hips (24%); perivascular lymphocytes were more extensive in metal-on-metal cases than metal-onpolyethylene Unspecified Nygaard et al. [36] Ceramic-on-ceramic (n = 13), ceramicon-polyethylene (N = 15),
Metal-on-metal (N = 9)
Primary arthroplasty (n = 8) Periprosthetic biopsies obtained 1 year after arthroplasty from 37 asymptomatic volunteers; macrophages and particles were found in all implanted groups, but there were no significant differences; macrophages were also found in patients at primary arthroplasty Metal-onpolyethylene (n = 28) None Necrobiosis and T-lymphocytes are common findings in tissues around failed metal-onpolyethylene implants; did not find a significant correlation between lymphocytes and visible metallosis All 24 cases had some CD3+ Tlymphocytes, and 4 cases more than 300 CD3+ lymphocytes per high-power field; Tlymphocytic infiltration involved both CD4+ and CD8+ cells
Willert et al. [43] Metal-on-metal (n = 24)
Ceramic-on-polyethylene (n = 18), monoblock metal-on-polyethylene (n = 11), and ''classic'' metal-onmetal (n = 15)
Metal-on-metal cases showed ''distinct lymphocytic infiltration'' characterized as ''aseptic lymphocyte-dominated vasculitis associated lesion (ALVAL)''; other groups lacked features of ALVAL Diffusely distributed or perivascularly aggregated lymphocytic infiltrates: CD20+ B-lymphocytes, CD3+ Tlymphocytes PE = polyethylene; Co-Cr = cobalt-chromium; Ti = titanium.
